Stationary phase cultures of whi2 mutants of Saccharomyces cereuisiae were tested to discover whether they had undergone the changes which wild-type cells show in response to nutrient deprivation. The sensitivity to a 52 "C heat shock, nystatin treatment and Zymolyase digestion of the cell wall was determined in isogenic WH12+ and whi2 strains in both exponential and stationary growth phases. In each case, WH12+ cells become more resistant to these treatments in stationary phase but whi2 cells in stationary phase retained the sensitivity of exponential cultures. In addition, glycogen accumulation was reduced in the whi2 mutant, and DAPI fluorescent staining of the nuclei revealed that nuclear cycle arrest did not occur in G 1 , but at a minimum of three different phases of the cell cycle. We conclude that under the conditions of deprivation which occur in stationary phase, whi2 mutants retain the properties of exponentially growing cells.
of the cell wall was determined in isogenic WH12+ and whi2 strains in both exponential and stationary growth phases. In each case, WH12+ cells become more resistant to these treatments in stationary phase but whi2 cells in stationary phase retained the sensitivity of exponential cultures. In addition, glycogen accumulation was reduced in the whi2 mutant, and DAPI fluorescent staining of the nuclei revealed that nuclear cycle arrest did not occur in G 1 , but at a minimum of three different phases of the cell cycle. We conclude that under the conditions of deprivation which occur in stationary phase, whi2 mutants retain the properties of exponentially growing cells.
I N T R O D U C T I O N
whi2 is a mutation of Saccharomyces cerevisiae which disturbs the normal coordination of cell proliferation with nutrient availability (Sudbery et al., 1980) . Batch cultures of wild-type cells grown on complex YEPD medium cease proliferating when the carbon source becomes limiting in stationary phase, cell cycle arrest occurs in G1 and cells accumulate in the unbudded state (Hartwell, 1974) . In contrast, whi2 cells continue dividing as the carbon supply becomes exhausted, the consequent division without cell growth results in cells becoming smaller and a higher cell density (number of cells per ml of culture) is eventually attained. The cells arrest in the budded state, apparently randomly distributed in the cell cycle (Sudbery et a/., 1980) .
As wild-type cells enter stationary phase a series of concerted changes occur in cell physiology, giving rise to a number of differences in the properties of stationary phase cells compared to exponentionally growing cells. Thus stationary phase cells are more resistant to a 52 "C heat shock (Parry et al., 1976; Schenberg-Frascino & Moustacchi, 1971; Walton et al., 1979) , to nystatin treatment (Snow, 1966; Thouvenot & Bourgeois, 1971) and to spheroplast formation (Deutch & Parry, 1973) . They appear phase bright under phase contrast optics compared to the phase dark appearance of exponentially growing cells, and contain a higher proportion of glycogen and trehalose accumulated in the last few rounds of division before arrest (Lillie & Pringle, 1980) . The quiescent cells contain a single unreplicated nucleus.
In this paper we investigate the properties of whi2 cells as the carbon supply is limited in batch culture growth and the cells enter stationary phase. We show that the cells fail to show the
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changes which normally occur as cells enter stationary phase, and we confirm that there is no single point in the cell cycle where arrest preferentially occurs.
M E T H O D S
Strains. X4003-5B (a adel his4 met2 ura3 trp5 and X2180 1A (wild-type) were from the Yeast Stock Center, Berkeley, Calif., USA), Mll-30 is a Met-derivative of M11 (ct whi2) recovered after EMS mutagenesis.
Media and culture conditions. Complex YEPD medium, presporulation and sporulation media were all as described by Sherman et al. (1 974) . Stock cultures of yeasts strains were grown overnight in liquid YEPD medium at 28 "C on a rotary shaker, and 0.1 ml was re-inoculated into fresh medium, keeping the volume of the culture below one-tenth of the flask volume to ensure good aeration. Exponential phase cultures were permitted to grow to OD,,, 0.6. Stationary phase cultures were grown for 48 h.
Heat treatment ojculture. Cultures were exposed to elevated temperatures in a shaking water bath at 52 "C. A sample was taken at 'zero' time, and appropriate dilutions were plated onto YEPD agar medium to determine the number of viable cells which were present initially. At intervals during the incubation period 0.1 ml samples were removed, diluted and plated onto YEPD agar plates. Colonies were counted after 3 d growth at 28 "C. Three dilutions were plated aiming at an optimum of 50-500 colonies per plate and all experiments were done three times (Schenberg-Frascino & Moustacchi, 1974) .
Nystatin treatment ofcultures. Cells were grown to exponential phase and stationary phase as above and the pH of the culture adjusted to 4.2 to maximize the antibiotic effect as described by Snow (1966) . Preliminary experiments were done to determine the concentration of nystatin (Mycostatin, Squibb) required for a measurable kill rate (100 U ml-' gave optimum results). As with the heat treatment, a sample was taken at 'zero' time, and also at 15 min intervals for 1 h, and plated for single colonies. Cultures were incubated at 28 "C in a shaking water bath.
All experiments were done three times.
Method for assessing the rate of lysis by Zymolyase. Cells in exponential phase and stationary phase were centrifuged at 6000 r.p.m. (3000g) for 2 min, and resuspended to OD,,, 0.7 in 10 mM-Tris/HCl, pH 7.5, 1 mM-DTT, 1 U Zymolyase 5000 (Miles) ml-' (this is the buffer normally used for protoplast formation by Zymolyase, but it lacks the osmoticum sorbitol). Initial ODboo readings were taken, and further readings were taken at 15 min intervals for I h. Results are expressed as a proportion of the initial OD,oo and all experiments were done three times.
Measurement of'cell size and cell number. Cells were grown in 2.5 ml YEPD media in a 25 ml conical flask as previously described. Cell numbers and cell volume measurements were made with a Coulter counter model ZBl, ClOOO analyser and slave recorder. Latex beads (4.63 pm diameter) were used as size standards. In our hands this method always gives slightly smaller cell volumes than measurements made from photographs (Sudbery et al., 1980) . For the determination of cell volume distribution, the ClOOO analyser was set to stop analysis when 1000 cells had been scored with the modal volume.
Glycogen assays. Glycogen levels in terms of yeast biomass were determined by the enzymic method of Quain (198 1) and are the total amount of glycogen (the sum of acid-soluble and alkali-soluble fractions). The total amount of glycogen was calculated from the mean of duplicate or triplicate samples and is expressed in terms of glucose equivalents as a percentage of the total dry weight. For duplicate dry weight determinations, yeast cells were harvested by centrifugation, washed twice and dried at 105 "C for 72 h to constant dry weight values.
R E S U L T S

Dejnition of exponential and stationary phase cultures
Stationary phase cultures were prepared by inoculating exponential cultures into fresh YEPD medium at a density of 2 x lo6 cells ml-l and then incubating with vigorous aeration for 48 h. After this time cell numbers of both the mutant and the wild-type had stopped increasing (Fig.  l) , and the percentage of budded cells, the percentage of phase bright cells and cell size had all reached constant values (data not shown). Exponential phase cultures were inoculated as described above but the cell number was not permitted to rise above lo7 cells ml-l (measured routinely as ODboo 0.6). At this point, cell numbers were still increasing exponentially (Fig. 1 ).
Construction and characterization of an isogenic strain
In order to ensure that differences between wild-type and mutant strains were due solely to the whi2 allele, an isogenic strain was constructed. X4003-5B was chosen as a parent because it has a clear wild-type phenotype in stationary phase. In addition it transforms efficiently, which is a desirable property for molecular studies. X4003-5B was crossed to Ml l-30, a Met-derivative of M 11 (Sudbery etal., 1980) . The whi2 progeny were used for two further backcrosses to X4003-5B
to produce IS034, the genotype of which is ct whi2 leu2 his4 trp5, and which is 87.5 % isogenic to
Comparison of the properties of X4003-5B (WHI2+) and IS034 (whi2) show that the effect of the whi2 allele is exactly as originally reported by Sudbery etal. (1980) when the whi2 allele was in a different genetic background. Measurements were made in a YEPD medium of cell density, cell size, percentage of cells budded and percentage of cells phase dark. The results (Table 1) show that exponentially growing cultures of both types are identical, but that in stationary phase whi2 cells are smaller, phase dark, budded and have attained a higher cell density. The eject of elevated temperatures on WHI2+ and whi2 cells Cells of X4003-5B and IS034 were grown to both exponential and stationary phases, and the whole cultures were then heated to 52 "C (see Methods). At intervals, samples were withdrawn, diluted appropriately and plated on YEPD medium. The viable count was recorded. Combined data from triplicate experiments were plotted as a function of time (Fig. 2) . In exponential phase the sensitivities of X4003-5B (WHI2+) and IS034 (whi2) were similar. In stationary phase, however, whi2 cells became more sensitive to the heat treatment while WH12+ cells were less sensitive. The result was that whi2 cells were 500-fold less viable than the WH12+ cells after 4 h treatment.
Sensitivity of WHI2+ and whi2 cultures to Zymolyase
This was determined by incubating cells with 1 U Zymolyase ml-l in the absence of an osmoticum. Preliminary experiments had determined that at this concentration wild-type cells were unaffected in stationary phase but suffered substantial lysis in exponential phase. The decrease in OD,,, (as cells lysed) plotted against time is shown in Fig. 3 . In exponential phase X4003-5B and IS034 showed similar, rapid rates of lysis. In stationary phase, however, the rate of lysis for the wild-type strain fell dramatically, whilst the whi2 cells showed only a slight increase in resistance.
Sensitivity of WHIZ+ and whi2 cultures to nystatin
This was determined by incubating cells in different growth phases in the presence of 100 U nystatin ml-I. The number of viable cells was determined at regular intervals (Fig. 4 ) : whi2 cells were more sensitive to nystatin in both phases of growth but cells of X4003-5B, in stationary phase, were completely resistant. Stationary phase cells of IS034, however, maintained a degree of sensitivity which resulted in only 1 in 10 cells surviving after a 60min incubation.
Glycogen accumulation
As measured by the method of Quain (1981) , both WHI2+ and whi2 cells have low levels of glycogen (< 1.1 % of dry weight) during exponential phase while in stationary phase WHI2+ had higher glycogen levels than whi2 ( Table 2) . Similar results for stationary phase cells (data not shown) were obtained with the modified method for glycogen determination of Gunja-Smith et a/. (1977) , as described by Lillie & Pringle (1980) . These results indicate that whi2 cells have a t Cells with a single nucleus in the mother cell.
$ Cells with a dividing nucleus in the neck between mother and daughter cells.
6 Binucleate cells with a nucleus in both the mother and daughter cells.
reduced ability to accumulate glycogen upon cessation of growth in stationary phase -a property of resting state cells (Lillie & Pringle, 1980) . whi2 cells show no single point of arrest in the cell cycle Studies with Schizosaccharomyces pombe have shown that this yeast exerts a cell size control both in the G1 and G2 phase of the cell cycle (Nurse & Bissett, 1981 ; Nurse & Fantes, 1981) . In addition, recent studies with a small mutant (whil) of S . cerevisiae suggests that wild-type cells may also have a cryptic second cell size control later in the cell cycle other than at 'Start' (F. Wynne, personal communication) . One explanation for the relatively high percentage of budded whi2 cells in stationary phase is that as cells approach stationary phase at a reduced growth rate and at an abnormally reduced cell size, they produce a bud, but are of insufficient size to transverse a second cell size control and so are unable to complete budding. If this were the case, then the budded cells in a stationary phase population of whi2 may consist of cells that arrest at one specific event of the cell cycle, e.g. nuclear division.
To investigate this possibility, stationary phase cultures of whi2 and WHI2+ were stained with the fluorescent nuclear stain 4',6-diamidino-2-phenylindole (DAPI) (Williamson & Fennell, 1975) . This treatment gives a visual indication of the nucleus within the budded cell and hence an approximation of the position of the cell in the cell cycle. Budded cells were divided into the following three categories, according to the position of the nucleus within the cell: (a) those arrested prior to nuclear division; (b) those arrested in nuclear division and (c) those arrested after nuclear division.
As expected in stationary phase, whi2 cultures had a higher proportion of budded cells than WH12+ cultures (Table 3 ). In addition, there was a difference in the proportion of each type of budded cell between strains in stationary phase. Wild-type cells consisted almost entirely of two types: those that had arrested before nuclear division and those that had arrested before cell division. The latter category was the most common. Since cells were sonicated before DAPI staining, these cells are probably unable to complete cytokinesis. Stationary phase whi2 budded cells show significant numbers in each division of the cell cycle. There is therefore no single point at which cells arrest but a minimum of three, and the data would be consistent with there being no preferential point or points of arrest.
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DISCUSSION
During exponential phase growth on rich medium in batch culture, wild-type and whi2 cells are indistinguishable. However, at the end of the exponential phase when the growth rate becomes reduced and glucose is depleted, a number of changes are observed in wild-type cells which do not occur in whi2 cells. During this period of reduced growth wild-type cells accumulate glycogen and the proportion of phase bright cells increases; eventually these WHZ2+ cells cease proliferating as unbudded phase bright cells in the G1 period of the cell cycle.
whi2 cells show a greatly increased proportion of budded cells which have arrested at all stages of the cell cycle. This suggests that whi2 cells become committed to the initiation of the cell cycle without the necessary requirements to complete it when nutrients finally become depleted. The continued cell division in the absence of growth leads to the reduction in cell size and the increased final cell density. whi2 cells are now more sensitive to heat treatment, nystatin treatment and Zymolyase digestion of the cell wall compared to stationary phase WHn+ cells, suggesting that in stationary phase the mutant maintains properties of exponential phase cells and is unable to assume the characteristics of quiescent cells. This is further supported by the observation that whi2 stationary phase cells have a reduced ability to accumulate glycogen as compared to wild-type cells.
The low proportion of phase bright cells upon cessation of growth by the mutant in stationary phase may be due to the reduced ability to accumulate glycogen and possibly to a change in cell wall composition. This hypothesis is supported by several studies relating glycogen content and resistance to cell wall degrading enzymes to the phase bright appearance of cells. Kuenzi (1970; cited by Fiechter 1975) , observed that wild-type cultures grown at slow mass doubling times in a glucose-limited chemostat consisted of both phase bright cells which stained glycogen positive with iodine, and phase dark cells which stained glycogen negative. Bugeja et al. (1982) , who also observed phase bright and dark cells at slow growth rates in a glucose-limited chemostat, found that phase bright cells appear to be more resistant to cell wall degrading enzymes. These results suggest that phase bright cells have an altered cell wall composition with respect to phase dark cells.
Changes in the sensitivity to nystatin again suggest changes in either the cell wall, the cell membrane, or both. The possibility that the presence of membrane sterols (Hamilton-Miller, 1974; Parks, 1978 ) is a prerequisite for sensitivity to polyene antibiotics has been suggested by Lampen (1962) who proposed that nystatin combines with ergosterol, a major component of the cell membrane, causing damage to the integrity and permeability of the plasma membrane (see Parks, 1978 , for a review). However, changes in the degree of unsaturation and length of fatty acids in the cell membrane may alter the effects of some polyene antibiotics (Koh et al., 1977) . Thus the extent of sensitivity to nystatin may reflect the composition of the plasma membrane under specific conditions and may explain the difference in sensitivity between whi2 and the w ild-type.
The cell wall may also bind nystatin, thereby mitigating its effect on the cell membrane (Lampen, 1962) . Thus changes in cell wall composition may contribute to the decreased sensitivity of wild-type stationary phase cells. The continued sensitivity of whi2 stationary phase cells may thus result in a failure to show the normal cell wall reorganization.
The results reported in this paper confirm previous observations that in response to nutrient deprivation the properties of yeast cells undergo a series of changes. These changes are sometimes said to constitute a separate state termed GO (Pinon, 1978 (Pinon, ,1979 Pinon & Platt, 1979; Pringle & Hartwell, 1981) . Cells bearing the whi2 mutation do not show these changes and can therefore be said to be unable to enter GO. This failure may be due to an inability to monitor the nutritional status of the external environment or may be due to the loss of a function required to enter GO. The results presented here do not distinguish between these possibilities. 
